Reactive oxygen species (ROS) may generate different nucleoside/nucleotide radicals in a cell environment. In this study, the possibility of cyclic-2'-deoxyadenosines formation by a rearrangement of their free radicals was investigated. It seems that for cyclic-nucleosides formation, adoption of an O4'-exo conformation by the sugar moiety is necessary. However, this is the energetically unfavoured form of the 2-deoxyribose ring. Moreover, the creation of a O5', C8 bond in purine deoxy-nucleosides/nucleotides leads to the termination of the DNA elongation process.
Introduction
In the natural environment the geometry of nucleic acids, nucleotide and nucleosides undergoes constant change due to the flexibility of the sugar residue. The changes of the ribose or 2-deoxyribose ring are described by the theory of the pseudorotation cycle. According to this, the pentagonal ring of sugar moiety may adopt intermediate forms between two extreme conformers: C3'-endo and C2'-endo [1] .
The position of the hydroxyl group at C5' of 2'-deoxnucleoside has a significant influence on the discussed geometry changes. On the other side, the nucleic base has a rigid structure undergoing only slight modifications; however, even these small changes may lead to a significant influence on the furanose's threedimensional structure. Changes in the relative spatial positions of both nucleoside/nucleotide subunits may occur through the rotation around the glycoside bond C1'-N9 (related dihedral angle O4'-C1'-N9-C4 (d)) see Nucleotides and nucleosides in the natural environment are constantly exposed to different kinds of reactive oxygen species. Among them the hydroxyl radicals (•OH) formed in cells (for example, as a result of anaerobic cellular processes) have a significant biological importance [2] . Since the middle of XX th century, the replication and translation of genetic information has been at the centre of scientific interest. One point which is less understood in DNA biochemistry is damage and how it is reflected in cell metabolism. The reactions of ROS with oligonucleotides/nucleosides may lead to nucleic-base modifications or other DNA lesions (strand breaks, etc). Most of them can be removed during the activity of the base excision repair (BER) process [3] . However, modifications, i.e. the simultaneous damage to the sugar moiety and to the nucleobase (tandem lesions) -for example: 5',8-cyclo-2'-deoxyadenosine/guanosine (cdA/G) -are not eliminated by BER, but by the complex nucleotide excision repair (NER) system [4] . Moreover, depending on the C5' atom configuration in cdA, R or S, they are characterised by different biological impact [5] . The 5',8-cyclo-5'-deoxyadenosine was assigned by Hogenkamp in 1963 as a photolysis product of coenzyme B 12 [5a]. These results and the following data presented by Keck [5b] for C5',8-cyclo-5'-deoxyadenosine drew my attention to another cyclic nucleoside -O5',C8-cyclo-2'-deoxyadenosine. The formation process for the latter, up to now, has not been described in literature. In my opinion, formation of this type of molecule would have a significant biological implication: its appearance in DNA linkage will terminate the elongation process. Moreover the O5',C8-2'-deoxynucleosides can posses immunogenic or antymetabolic behaviours. It is important to mention that this type of lesion can be generated only when the 5` hydroxyl function of nucleotide is not involved in an internucleotide bond. From theoretical data, it is well known that the generation of C5', C4' and C2' in nucleoside/nucleotide leads to a singlestrand break or decomposition of the glycosidic bond. Moreover, generation of C8 radical in adenosine leads to 5',8-cyclo-2'-deoxyadenosine formation [5c] . In this paper I propose for first time the possible mechanism of the O5',C8-cyclo-2'-deoxyadenosine as a product of hydrogen atom abstraction from 5'-hydroxyl function of nucleoside/nucleotide under interaction with highly energetic photons (g-ray, UV,) or a-particles.
Experimental Procedures
All molecular structures were calculated, in the gas and water phase, using a DFT (density functional theory) approach with B3LYP (Beck's three-parameter exchange functional and the gradient-corrected functional of Lee, Yang and Parr). For all calculated structures, the 6-31G** base was used. For all calculations in solvent environment (water), the Self-Consistent Isodensity PCM model was used. Harmonic vibration frequency calculations were carried out for all the stationary points of reaction to confirm each structure being either a minimum -no imaginary frequency, or a transition state -one imaginary frequency. Calculation was performed with Gaussian 03 Revision D.01 [6] .
Results and Discussion
From a theoretical point of view, the three free-radical molecules ( Fig. 1) are possible precursors of different cyclic 2'-deoxyadenosine derivatives. These molecules can be formed as a result of the attack of a free radical on the 2'-deoxyadenosine (dA). The type of the radical consequently formed has an influence on the structure of the final reaction products. In the literature, several notifications about different kinds of cyclic-nucleosideis exist with their biological/biochemical implications. In some cases, their formation processes have been theoretically investigated.
For this reason I have applied the density functional theory (DFT) in the gas and water phases to elucidate the mechanism of free-radical cyclisation. The possible pathway of the O5',C8-cyclo-2'-deoxyadenosine (12 and 13) formation is the hydrogen atom abstraction from the 5'-hydroxyl function. The formation of the alkoxy radical 3 (O5' radical of dA) carries on the creation of the required cyclic compound with an oxygen bridge between C5' and C8.
The discussed mechanism is an alternative to the previously studied: a) hydrogen atom abstraction from the C8 position in adenine and its transfer to C5' of 2'-deoxyribose from dA [7] , b) abstraction of the 5'-hydroxyl function (compound 1, Fig. 1 ) and the cyclic compound creation without a chiral centre at C5' [8] , c) abstraction of one of the hydrogen atoms from the 5'-hydroxymethyl (compound 2, Fig. 1 ) function with the subsequent C5' radicals formation as a precursor of the R and S diatereomers of cdA [9] . It is important to mention that the experimental biological data show that R and S diastereomers of cdA are formed in a 2:1 ratio for free nucleoside and 1:1 in the case of oligonucleotides [7] .
Previous studies on the formation of cdA were carried out using quantum and semi-empirical methods, taking into account only the process of intramolecular cyclisation. To explain the turn up process of cyclic compounds 12/13, with the oxygen bridge, I have adopted mechanism proposed by Miaśkiewicz [10] for cdA formation. In my opinion, the position of the 5'OH group in relation to the 3'OH function is of crucial influence on the stereochemistry of formed diastereoisomers. The hydroxyl group, rotating around the C4'-C5' bond (related dihedral angle C3'-C4'-C5'-O5' (g)) adopts three positions corresponding to the conformation minima, of which the dA 5 is given the lowest energy (Scheme 1). These minima are separated by three conformers with higher energies, and energetic barriers corresponding to respective transformations are not equally valuable and fall between 3 and 8 kcal [1] . As gauche + dA 5 , trans dA 1 , gauche-dA 3 forms are rotamers of the lowest energies, it may be assumed that they will be precursors of free radicals formed as the result of the hydrogen atom abstraction from the C5' function 2 of the sugar sub-unit or as a result of hydrogen atom removal from the 5' hydroxyl group 3 (Fig. 1). 
Hydrogen atom abstraction from 5'hydroxyl group of 2'-deoxyadenosine
Following the theoretical approach of Schaeffer [11] , there exists the conformational problem of starting nucleoside in an intuitive manner. The B form of DNA is the most common one for biological systems. Hence the 2'-deoxyadenosine molecule was optimized starting from a conformation identical to that of the B DNA. It is important to mention that in each single nucleotide, four main dihedral angles exist (b H5'-O5'-C5'-C4'; g C3'-C4'-C5'-O5'; e H3'-O3'-C3'-C4'; d O4'-C1'-N9-C4) and one five-membered ring; as a result, 41 472 conformers exist [11] . Considering the possibilities of the formation of 2'-deoxyadenosine cyclic derivatives, one cannot rule out the 5' alkoxy radical 3 (Fig. 1) . In this study it was observed that the radical 3 possesses lower energy than 2, -887.879345 and -887.636157 respectively in Hartrees. However, its participation in the cyclisation process leading to the cdA formation is negligible, due to the less favourable transfer of the radical from oxygen O5' to C5'. At this point two things should be mentioned: first, the 3 is by 0.243188 Hartrees more stable than 2; second, when the 3 radical is formed the bond C4'-C5' is longer than in neutral 2'-dA (1.54 Å → 1.60 Å) and the bond O5'-C5' becomes shorter (1.42 Å → 1.35 Å) [10] . Due to these facts, it is much more probable that reaction with a hydrogen atom donor will lead to the reconstitution of dA. The other possibility is a reaction between the 5'O radical and 8C carbon of adenine leading to the formation of the cyclic derivative 12/13 (Fig. 2) . Formation of this compound seems to be favoured for the rotamer gauche+ dA 5 and for an appropriate radical issued from it. In this case the distance between the O5'oxygen and C8 carbon is the smallest and equals 2.2 Å, in contrast to the two remaining forms: gauche -and trans. Moreover, the position of nucleic base in relation to the hydroxyl radical plays an important role. In the cyclisation process, C8 and O5' should be nearly orthogonal. This may take place only in two cases when C8 carbon is located: a) on the side of the 3' hydroxyl group 4 or b) when it is located on the outer side of the Fig. 1, Table 1 ). Moreover, in the crystal structure of O5', C8-cycloadenosine dihedral angles adopted the following values: -50.3 o for c and 43.6 o for g [12] . For the 6 or 7 form, this process is unfavourable because it leads to the least stable form (see Table 1 , Fig. 2 ) in both environments of calculation: gas and water phase.
For the secondary cyclisation process during which an intermediate 9 is formatted, the radical is located mainly on the nitrogen atom (N7) and partially dispersed over the other atoms in the pyrimidine ring. The resulting 9 molecule undergoes transformation into the neutral derivative 12. The new compound does not possess a new chiral centre on C5' carbon, just like in 8,5'-cyclo-5',2'-di-deoxyadenosine [8] . Energy differences between individual products or intermediate states of the reaction path show that 12 is a privileged product in this reaction, in which the heptagonal ring adopts a boat conformation.
Changes in sugar moiety conformation
According to the pseudo rotation concept, first introduced by Klipatrick [13] , the two forms of sugar puckering occupy two opposite poles of the pseudo rotation hemisphere being in subtle equilibrium. The N / S and S /N interconversions are possible through O(4')-endo; 0 E, (East-(E)-type) or O(4')-exo; 0 E(West-(W)-type) conformations. From an energetic point of view, the east pathway 3 E↔ 4 E↔ 0 E↔ 1 E is much more attractive than the west one ( 3 E↔ 2 E↔ 1 E↔ 0 E↔ 4 E↔ 3 E↔ 2 E), since the energetic barriers for these conversions are about 1.8 kcal and 5.6 kcal respectively [14a, b; 15, 16] . In addition, the east pathway requires a lower number of steps to complete the same pseudo-rotation cycle. Moreover, in the 0 E geometry both the nucleobases and the 5'-CH 2 OH groups are in an unfavourable axial position, which leads to steric hindrance (2.9 Å). In the 0 E form, both substituents are in more suitable equatorial positions (4.6 Å) [1] .
In this study the pseudorotation concept has been used to describe the conformation changes in a fivemember ring of: products, substrate, transition states and transition products. Thus, the relationship between the five torsion angles f (0-4) (Fig. 1) is described by simple equations: tan(P) = [(f 4 +f 1 )-(f 3 +f 0 )]/[2f 2 (sin(36) + sin(72))]; f max = f 2 / cos(P) relating the phase (P) and the amplitude (f max ) [17] (Table 1) . It has been shown that the sugar moiety in each point (without 3) of the discussed reaction paths adopts an unusual, next to the W-west conformation. Only a few examples of nucleosides which contain the W-type of sugar have been reported in literature so far [18, 19] . It can be therefore assumed that if they appear in the genome, their unusual structures should play an important role in the whole biological system.
Conclusion
Reaction ROS with nucleosides may lead to the generation of their radicals. This study has investigated the possibility of dA radical reorganisation, leading to the formation of cyclic-nucleosides.
The generation at the C5' function radicals lead through intramolecular cyclisation, to different cyclic derivatives of 2'-deoxyadenosine. Thermodynamic studies have shown the highest stability for compound 3 [10] . For this reason the alkoxy radical (O5') of dA can become a precursor of compounds 12 and 13.
It seems that the prerequisite for dA cyclic nucleosides formation is the adoption of O4'-exo conformation by 2-deoxyribose; however, this is the least energetically favoured conformer among the forms adopted by the furanose ring. This conformation was observed in each point of the discussed mechanism. Thus, in the natural environment participation of nucleosides with this sugar conformation will be marginal, so levels of various cyclic forms -12, 13 -should be equally small. However, the appearance of 12 and 13 will terminate the DNA elongation process, and from this point of view will be highly toxic for cells. Comparison of selected geometry properties of 3 calculated by B3LYP/DZP++ [10] and B3LYP/6-31G** in gas phase.
C1'-N9 C5'-C4' C5'-O5' C2'-C3'-C4'-O1' O4'-C1'-N9-C4 C3'-C4'-C5'-O5' DZP++ Table 1 . Calculated (DFT B3LYP/ 6-31G**) energies, sugar conformations and selected geometries of the reaction of hydrogen atom abstraction from the 5'hydroxyl group of 2'-deoxyadenosine.
